INTRODUCTION
The literature contains limited and somewhat conflicting datal4 on the thermal conductivity of nitrogen-strengthened, high-manganese stainless steels. One such alloy, 2 1-6-9 steel, is being considered for cryogenic application in the cold mass of Superconducting Super Collider magnets. This work presents the results of thermal conductivity integral measurements on commercial samples of 21-6-9 (Nitronic 40) steel.
MEASUREMENT APPARATUS AND PROCEDURE
Two samples of Nitronic 40 were tested. The first was cut from a section of tubing specified only as Nitronic 40. The second sample was machined from a piece of mill annealed bar stock. The composition of Sample 2 is listed in Table 1 , together with the acceptable composition ranges for 2 1-6-9 stainless steels.
The dimensions of each sample are nominally the same and have been chosen to keep the time constant reasonably short for reaching steady state, while maximizing the value of the temperature difference across the samples. The dimensions chosen (1.1 mm thick, 6 .4 mm wide, and 60.2 mm long) resulted in a time constant near room temperature of 1 h. Each specimen was soldered between two copper mounting blocks and fastened to the bottom plate of a vacuum can, as indicated in Figure 1 . Two different methods of fastening were used. In the first two experimental runs (Sample l), the lower copper mounting block was covered with copper-impregnated grease and pressed firmly onto the stainless steel bottom plate of the vacuum can. When immersed in the helium bath it was frozen in place. However, two problems arose with this method. First, the bottom end temperature of the sample rose above 10 K at relatively modest heat fluxes. Second, upon thermally recycling from 4 K to room temperature and back to 4 K, good thermal contact with the bottom of the vacuum can was lost. To remedy these problems in subsequent runs (Sample 2), a copper bottom plate was used on the vacuum can and the sample assembly was bolted to it. Again, copper impregnated grease was used to improve thermal contact. This arrangement proved to be quite satisfactory. Experimental instrumentation consisted of three thermometers and a heater. The heater was a metal film resistor inserted in the upper copper mounting block of the sample assembly and held in place with GE varnish. Two thermometers, one germanium and one platinum, were also located in the upper copper mounting block. They were thermally anchored in grease so they could be removed without damage. A silicon diode was located in the lower mounting block and was used to monitor the bottom end temperature. All instrumentation leads were Phosphor-bronze wire, thermally anchored to the bath. Heat conduction through the leads was negligible over the entire range of temperatures investigated.
After installing the instrumentation and mounting the samples, a room temperature insulating vacuum of approximately 1x10-6 Torr was established, using a diffusion pump. The entire vacuum can assembly was then placed in a dewar where it was precooled to approximately 120 K before transfering liquid helium. During transfer of helium, the insulating vacuum remained open to a leak detector. Once the apparatus was fully immersed in liquid and no leaks have been observed, the detector was valved off. In this way, we ensured that the pressure in the vacuum can is less than lx10-6Torr and that gas conduction from the heated sample to the bath was negligible.
The apparatus was then allowed to come to thermal equilibrium and the readings of all thermometers are compared. The saturated bath temperature was determined by monitoring the atmospheric pressure inside and outside the dewar. These measurements typically agreed within k 3 Torr. In all cases the silicon diode in the base of the sample agreed with the bath temperature to within k 0.05 K, which is the extent of its accuracy. The germanium thermometer, however, was systematically higher than the bath temperature by approximately 0.15 K. This resulted partly from heat leaking down the instrumentation leads past the 4.2 K anchor and partly from 300 K radiation coming down the vacuum pumpout line. The magnitude of this parasitic heating was estimated to be 5 pW and was negligible even at the lowest heater powers reported.
The heater was powered with a dc voltage supply. A precision resistor in series with the heater provided a means of measuring the current, which together with the applied voltage provided a measure of the heat input. When the steady state was achieved, the heat input as well as the temperatures were recorded. In this way, thermal conductivity integrals were measured for warm end temperatures ranging from 5 K to 140 K.
When the heater was turned on, temperatures rose slowly to steady-state values. The time required to achieve steady state was dependent on the average temperature of the sample and was on the order of hours for warm end temperatures above 100 K. As a matter of practice, then, the heater was turned up to full capacity and the warm end temperature was monitored until it was close to a desired value. The power was then gradually reduced until a steady temperature was achieved. The accuracy of this method has been verified on a number of occasions by allowing the perceived steady state to remain for at least 2 h. Since the time constant associated with reaching steady state increases with increasing temperature, the inaccuracies introduced by this method will be worst at the highest heater powers. Thus, the verification tests were always conducted at high heat inputs. In all cases, temperatures changed by less than 50 mK.
In addition to uncertainties arising from an unsteady state, parallel heat leaks may occur through instrumentation leads, through the insulating vacuum, and by radiation to the wall of the vacuum can. As previously indicated, care was taken to minimize heat losses through instrumentation leads and gas conduction. Finally, we note that the small surface area of the sample assembly, together with the relatively low temperature range investigated, combined to make radiation losses negligible as well.
RESULTS
Thermal conductivity integrals obtained for Samples 1 and 2 are listed in Ta, , : s 2 and 3, respectively. The tables also include the corresponding temperatures at the upper (TU) and lower (TL) ends. As discussed above, TL rose above the bath temperature for Sample 1, but remained very close to the bath temperature for Sample 2. The combined data for Samples 1 and 2 are fitted with a fourth-order polynomial of the form where T is the temperature (K), Tbalh is the bath temperature fixed at 4.18 K, To is the reference temperature for the curve-fit, and q is the thermal conductivity integral (W/m) from Tbath to T . The singular value decomposition method5 is used to determine the coefficients aj7 which minimized the sum of the squares of the residuals, Cri2. The residual A single curve to represent the data over the entire range of interest between 5 K and 120 K could not be obtained. Instead, the data from 5 K to 20 K, and those from 20 K to 120 K, were fitted with separate curves. Continuity in the thermal conductivity integral, as well as in the first (thermal conductivity) and second derivatives of the curves, was maintained at the cut-off temperature of 20 K. Table 4 lists the coefficients obtained for the two temperature ranges. Figure 2 shows the percentage residuals ( 100xr~/QmaS,~) in the two temperature ranges. The residual plots indicate that the curve-fits are quite satisfactory, within 6% of the data at the high end temperatures. As a further check of the curve-fit in the high temperature range, thermal conductivity integrals were measured by anchoring Sample 2 in an LN2 bath. These data (points 53 through 66 in Table 3 ) were compared with predicted values and agreed within 5%. Since there are no thermal conductivity integrals reported in the literature for 21-6-9 steel, the present data are compared with integral values recommended for S300 series stainless steels.6 Figure 3 shows that there is very little difference between the 21-6-9 values obtained in this work and the values for S300 series steels.
The thermal conductivity k at a given temperature T is obtained by differentiating Eq. conductivity data for various austenitic stainless steels. Values for 21-6-9 steel from the present study correspond closely with those for the S300 steels over the entire temperature range. They are also in good agreement with the few data points available for 21-6-9 and 22-13-5 steels in the low temperature range. However, they differ substantially from the two data points reported for the latter steels near 100 K.
SUMMARY
Thermal conductivity integrals for 21-6-9 stainless steel are reported over the temperature range of 5 K to 140 K. A fourth-order polynomial is fit to the data, and coefficients are determined for the temperature ranges 5-20 K and 20-120 K. These c w efits are differentiated to obtain values of the thermal conductivity. Both the integrals and the conductivity are compared to series S300 stainless steel values and found to be in good agreement over the entire temperature range investigated. Similar comparisons of data from this report with published values of conductivity for 2 1-6-9 and 22-13-5 reveal reasonable agreement below 20 K, but considerable differences at temperatures near 100 K.
